The spread of Zika virus in the Americas has been associated with a surge in Guillain-Barré syndrome (GBS) cases. Given the severity of GBS, territories affected by Zika virus need to plan health-care resources to manage GBS patients. To inform such planning in Martinique, we analyzed Zika virus surveillance and GBS data from Martinique in real time with a modeling framework that captured dynamics of the Zika virus epidemic, the risk of GBS in Zika virus-infected persons, and the clinical management of GBS cases. We compared our estimates with those from the 2013-2014 Zika virus epidemic in French Polynesia. We were able to predict just a few weeks into the epidemic that, due to lower transmission potential and lower probability of developing GBS following infection in Martinique, the total number of GBS cases in Martinique would be substantially lower than suggested by simple extrapolations from French Polynesia. We correctly predicted that 8 intensive-care beds and 7 ventilators would be sufficient to treat GBS cases. This study showcased the contribution of modeling to inform local healthcare planning during an outbreak. Timely studies that estimate the proportion of infected persons that seek care are needed to improve the predictive power of such approaches.
manage GBS patients, in particular in terms of intensive-care bed capacity and mechanical ventilators. French authorities were confronted with these issues in December 2015, when a ZIKV epidemic started in Martinique, a French island of 380,000 inhabitants in the Caribbean Sea. What would be the expected number of GBS cases in Martinique? What would be the number of GBS cases requiring intensive care or mechanical ventilation during the epidemic? Prior to the outbreak, the intensive care wards in Martinique had a capacity of 8 ventilators. Was this capacity sufficient, or did it need to be increased?
To support health-care planning, we analyzed ZIKV surveillance and GBS data from Martinique in real time with a modeling framework that captured ZIKV epidemic dynamics, the risk of GBS in ZIKV-infected persons, and the clinical management of GBS cases. To reduce uncertainty about key epidemic parameters at the start of the epidemic in Martinique, our analysis was informed by prior knowledge acquired during the 2013-2014 ZIKV epidemic in French Polynesia. The framework was used for the real-time characterization and monitoring of the epidemic in Martinique and for the forecasting of needs in health care. Results of these analyses were shared with French authorities to inform planning (18) . While a number of modeling studies have focused on improving the ability to characterize and predict epidemic trajectories in real time (19) (20) (21) (22) (23) , our approach went a step further by explicitly modeling and predicting specific health-care requirements, such as bed capacity and ventilator availability, that are more directly relevant for health-care planning.
METHODS

Data on the 2013-2014 epidemic in French Polynesia
The weekly number of patients who attended consultations for suspected ZIKV infection was estimated from the data provided by the local sentinel surveillance system during the ZIKV epidemic. The surveillance system included an average of approximately 50 sentinel sites, covering 30% of all general practitioners in the territory. From these data we extrapolated the total number of consultations. Patients with suspected infection were those who presented with rash, fever with temperature lower than 38.5°C, or both and with at least 2 of the following symptoms: conjunctivitis, joint pain with or without muscle pain, and limb edema. Laboratory confirmation of infection was obtained for a small proportion of the cases.
Forty-two GBS cases were diagnosed during the ZIKV epidemic (14) . Thirty-seven (88%) of these patients also reported ZIKV-associated symptoms prior to the onset of GBS, and all had ZIKV-neutralizing antibodies. Sixteen cases (38%) needed intensive care, and 12 (29%) also required mechanical ventilation. Detailed clinical data were recorded at hospital admission and up to 3 months after discharge (14) . For each GBS patient we used the dates of ZIKV-associated symptoms (when reported), GBS symptom onset, intensive care unit (ICU) admission and discharge (when applicable), and the start and end of the mechanical ventilation (when applicable).
A first serological survey, which was conducted on a subset of the general population (n = 196) recruited in February-March 2014, estimated the ZIKV seroprevalence at 49% (24) . However, this survey was conducted before the end of the outbreak. To fit our model, we therefore relied on another serological survey conducted after the epidemic (May-June 2014), which found a seroprevalence of 66% in a sample of 476 schoolchildren (24) . We assumed that seroprevalence in the general population would be similar to that in school-aged children.
Demographic data for the year 2014 were obtained from the French Polynesia Statistical Institute website (25) .
Data on the epidemic in Martinique
We used the estimated weekly number of consultations for suspected ZIKV infection and data on hospitalized GBS cases-including the dates of hospitalization, ICU admission and discharge (when applicable), and start and end of mechanical ventilation (when applicable)-provided by the French Institute for Public Health Surveillance (26) . The weekly number of consultations for suspected ZIKV infection was estimated from the sentinel surveillance data of a network comprising 20% of the general practitioners of Martinique. As of week 32 in 2016, 26 GBS cases were reported, of whom 14 (30%) needed intensive care and 11 (42%) also required mechanical ventilation. Weeks 5, 6, 12, 13, 14, 18, 20 , and 28 in 2016 had large uncertainties in the estimated number of consultations for ZIKV due to the closure of several sentinel sites for holidays. We therefore did not use these data points for model fitting. We did, however, use the weekly number of hospitalized GBS cases for those weeks, because hospital admissions were not affected by the holidays.
Demographic data for the year 2015 were taken from the French National Institute for Statistics and Economic Studies website (27) .
Mathematical model
We developed a mathematical model that captured the ZIKV epidemic dynamics, the risk of GBS in ZIKV-infected persons, and the clinical management of GBS patients.
To characterize the dynamics of ZIKV infections, associated consultations, and GBS presentations, we used a simple, deterministic susceptible-infectious-recovered compartmental model with 6 parameters: 1) the reproduction number R 0 -the average number of secondary ZIKV cases generated by a single infectious individual in a completely susceptible population; 2) the average infectious period; 3) the number of infected persons I 0 at the time the first consultations for suspected ZIKV infection were reported; 4) the proportion of infected persons who consulted practitioners for ZIKV-related symptoms (probability of seeking care ρ); 5) the probability p GBS of developing GBS once infected with ZIKV; and 6) an additional parameter δ to capture overdispersion in the observed number C t of consultations for week t. We assumed that C t had a negative binomial distribution with mean E t predicted by the model and overdispersion parameter k t = (E t ) δ (more detail in Web Appendix 1, available at http://aje. oxfordjournals.org/).
We then simulated the trajectory of the clinical management of GBS cases, relying on estimates from French Polynesia for 1) the proportion of GBS cases requiring intensive care, 2) the proportion of GBS cases requiring ventilation, 3) the time from ZIKV symptoms to hospitalization for GBS, 4) the time from hospitalization to intensive care admission, 5) the time between admission to intensive care and the start of mechanical ventilation, 6) the duration of mechanical ventilation, 7) the time between the end of mechanical ventilation and the discharge from intensive care, and 8) the total duration of the stay in intensive care (Web Appendix 2, Web Figure 1 , and Web Table 1 ). We documented the mean, upper bound (97.5% percentile), and lower bound (2.5% percentile) of the number of GBS patients requiring ICU admission and ventilation. The upperbound value corresponds to the capacity needed to ensure continuity of care with high probability.
For both French Polynesia and Martinique, we made the assumption that the entire population was susceptible to ZIKV at the beginning of the outbreak, which was consistent with serological data for French Polynesia (28) . We also assumed that all GBS cases presented for hospitalization, because of the severity of the syndrome.
Model parameters were estimated via Markov chain Monte Carlo sampling (29) . For the analysis of the epidemic in French Polynesia, we used uniform priors for all parameters and evaluated the sensitivity of results to the choice of priors. For Martinique, where less data were availableespecially at the beginning-we fixed the average infectious period at the value obtained for French Polynesia (11 days) and used Gaussian priors centered at the posterior mean estimated for French Polynesia for all the other parameters.
In a series of sensitivity analyses we explored the robustness of our findings to assumptions about priors (Web Appendix 3, Web Tables 3 and 4 ), and the structure of the compartmental model (Web Appendix 6, Web Table 5 , Web Figure 4 ).
Retrospective and real-time analyses
The analysis was performed retrospectively for French Polynesia. For Martinique, estimates and predictions were revised whenever more data became available or past weeks' data were updated.
Model validation
While this article was under review, estimates of seroprevalence in blood donors became available for 2 different time points (30) . We therefore compared our model predictions for Martinique with these independent estimates. We assumed that it takes 2 weeks for infected individuals to seroconvert.
RESULTS
The ZIKV epidemic in French Polynesia
In French Polynesia, the Zika virus outbreak began in October 2013, peaked in December 2013, and was over in April 2014 ( Figure 1A ). By the end of the outbreak, public health officials had recorded more than 8,000 suspected cases of ZIKV infection. It was estimated that approximately 32,000 patients consulted practitioners for suspected ZIKV infection during this outbreak (31, 32) ( Figure 1A) .
The posterior means and the 95% credible intervals for model parameters are reported in Web Table 6 . The basic reproduction number was estimated at 1.61 (95% credible interval (CI): 1.53, 1.69), resulting in an attack rate of 65% (95% CI: 61, 70), consistent with the serological study that informed inference (24) . We also estimated an average infectious period of 11.0 (95% CI: 9.5, 12.6) days. We found that 18% (95% CI: 16, 21) of persons infected with ZIKV sought medical care for ZIKV symptoms. The risk of developing GBS was estimated at 2.48 (95% CI: 1.81, 3.26) per 10,000 ZIKV infections, close to what was previously reported (14) . The average stay in ICU was 38 days (range, 2-127) (n = 16), and the average duration of mechanical ventilation was 49 days (range, 27-101) (n = 12) (see Web Appendix 2, Web Figure 1 ).
The model satisfyingly captured the observed dynamics of ZIKV consultations ( Figure 1A ), GBS hospitalizations ( Figure 1B) , need for intensive care beds ( Figure 1C ), and use of mechanical ventilators ( Figure 1D ).
The ZIKV epidemic in Martinique
The outbreak in Martinique began in December 2015. As of August 11, 2016 (week 32 in 2016), the number of consultations for suspected ZIKV infection was estimated at approximately 35,000. Twenty-six GBS cases were reported, 25 of whom had confirmed ZIKV infection.
The basic reproduction number was lower in Martinique (1.36; 95% CI: 1.30, 1.42) than in French Polynesia (1.61; 95% CI: 1.53, 1.69), resulting in a lower predicted attack rate of 48% (95% CI: 43, 53). We found that 22% (95% CI: 20, 25) of persons infected with ZIKV attended consultations for symptoms in Martinique, roughly the same proportion as in French Polynesia (18%; 95% CI: 16, 21) .
The risk of developing GBS following ZIKV infection was 1.58 per 10,000 ZIKV infections (95% CI: 1.04, 2.22). It was lower than in French Polynesia, although the difference was borderline significant (risk ratio = 0.65; 95% CI: 0.39, 1.00).
The model provided a satisfactory fit for the observed dynamics of ZIKV consultations (Figure 2A ), GBS hospitalizations ( Figure 2B ), need for intensive care beds ( Figure 2C ), and use mechanical ventilators ( Figure 2D ). (Figures 2A and 3A) . Uncertainty about the probability of seeking care remained high until relatively late in the epidemic ( Figure 3B ). The model predicted a borderline significant difference between Martinique and French Polynesia regarding the probability of GBS following ZIKV infection from week 8 onward ( Figure 3C ).
Real-time analyses in Martinique
In the first week of our assessment (week 2 in 2016), when results were driven by the prior belief that the epidemic in Martinique would behave like the one in French Polynesia, we expected a total of approximately 60 GBS cases ( Figure 4A ), requiring on average 12 ICU beds ( Figure 4B ) and 9 ventilators ( Figure 4C ). However, the model quickly noted substantial differences between the epidemics in Martinique and in French Polynesia. By week 7 in 2016 our model was able to correctly predict that the total number of GBS cases for Martinique would actually be around 28 ( Figure 4A) , with an average of 4 intensive care beds ( Figure 4B ) and 3 ventilators ( Figure 4C ) required to manage them (upper bounds: 8 intensive care beds and 7 ventilators). It also correctly projected that these resources would be required between weeks 14 and 20 (Web Figure 5) . Figure 5 shows how seroprevalence was expected to change over time according to the model. It was very consistent with the results of recent serological studies conducted in blood donors on the island (13.5% seropositive among 418 donors sampled March 9-23, 2016; 42.2% seropositive among 176 donors sampled June 6-13, 2016) (30) .
Model validation
Sensitivity analyses
Web Figures 6 and 7 show how estimates and predictions were modified if we did not use the outbreak in French
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Week in [2013] [2014] Week Polynesia to inform the priors of model parameters but instead used uniform priors for all parameters. In that situation, the rapid slowdown of epidemic growth around weeks 5-7 in 2016 ( Figure 2A ) was interpreted as an indication that a large proportion of the population had already been infected, with a low probability of developing GBS following ZIKV infection. This resulted in an overly conservative estimate for the total number of GBS cases (Web Figure 7A ). The model started to produce more accurate predictions from week 18 in 2016.
Given the important uncertainty about the probability of seeking care, especially at the beginning of the epidemic, we explored different scenarios where this probability was fixed between 5% and 25% (Web Figures 8 and 9 ). After week 16 in 2016, all these scenarios provided remarkably consistent estimates.
We estimated that the ZIKV average infectious period was T = 11 days using data from the outbreak in French Polynesia. For T = 11 days, the model was able to correctly reproduce the final attack rate and the epidemic curve. The fit deteriorated substantially when we assumed T = 15 days or T = 20 days (Web Figure 3 ). Changing this parameter did not affect the forecasts of resources needed to manage GBS cases in Martinique (Web Appendix 5, Web Table 3 ).
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Week Moreover, parameter estimates obtained for Martinique with a model in which the average infectious period was drawn from the posterior distribution obtained for French Polynesia were identical to the estimates obtained when assuming T = 11 days (Web Appendix 5, Web Table 4 ).
Our results were largely unchanged when we considered a susceptible-exposed-infectious-recovered model with a latency period after infection instead of a susceptible-infectiousrecovered model (Web Appendix 6, Web Table 5 , Web Figure 4 ). Assuming a time-varying reproduction number (Web Appendix 7), we obtained a slightly better fit to the epidemic curve (Web Figure 10) without substantially changing or improving the predictions concerning GBS cases (Web Figure 10 ). Moreover, the predictions of this model were inconsistent with recent seroprevalence estimates (Web Figure 11 ).
DISCUSSION
We developed a mathematical model to characterize and monitor the ZIKV epidemic in Martinique in real time and assess resources (intensive-care bed capacity and mechanical ventilators) required for the management of GBS patients. These assessments relied on the analysis of epidemiologic data from Martinique and from the 2013-2014 ZIKV outbreak in French Polynesia. We also estimated key parameters (e.g., reproduction numbers, the average infectious period, and probabilities of seeking care) required to characterize ZIKV transmission in Martinique and allow predictions about the overall epidemic dynamics (e.g., proportion of the population infected with ZIKV and timing of resource needs).
To predict the trajectory of an epidemic, it is essential to be able to estimate the number of infections, because this number captures the buildup of immunity in the population. This often proves difficult because surveillance systems track only the number of consultations, and the proportion of infected persons that seek care is often difficult to measure. For French Polynesia, the availability of serological data meant that we were able to reliably estimate that approximately 18% of ZIKV-infected persons sought care. In the absence of serological data, estimation of this parameter remained substantially more uncertain in Martinique and was sensitive to the choice of priors ( Figure 3A and Web Figure 6 ). In our initial assessments, we therefore decided to explore scenarios with the probability of seeking care ranging from 5% to 25% (Web Figures 8 and 9) , and we made a separate assessment of the most likely values for this probability based on our data and other information available in the literature. Early in the outbreak, we favored scenarios in which the probability of seeking care was in the range of 5%-10% for 2 reasons. First, it is expected that only a fraction of those with symptoms seek medical care given the mildness of the disease. For example, only approximately half of symptomatic chikungunya cases seek medical care in Martinique (33) . So if 20% of ZIKV-infected persons were symptomatic, as was suggested in Yap Island (34) , the proportion of ZIKV-infected persons seeking care is unlikely to be much above 10%. Second, the epidemic in Martinique quickly reached a plateau, so early on, the best model fits were obtained for small probabilities of seeking care (Web Figure 6 ). However, given the prolonged duration of the epidemic (Figure 3A) , such a scenario can now be ruled out. The probability of seeking care in Martinique is currently estimated at ρ = 22% (95% CI: 20, 25), in good agreement with what was found for French Polynesia, with ρ = 18% (95% CI: 16, 21) . These estimates suggest that the proportion of ZIKV infections that are symptomatic may be higher than initially thought. Given the difficulty of reliably estimating the probability of seeking care early in an epidemic, there is a need to design new ways to monitor the buildup of immunity in the population-for example, with studies that document health care-seeking behaviors (e.g., surveys asking if respondents were sick and if they sought care (33)) or new approaches to measure incidence more directly (e.g., testing for ZIKV in blood donors) (30) .
We found that the risk of developing GBS following ZIKV infection was 1.63 (95% CI: 1.00, 2.56) times lower in Martinique than in French Polynesia, the difference between the 2 territories being borderline significant. A number of mechanisms could explain this difference. For example, the risk of developing GBS following ZIKV infection could depend on ethnicity (individuals of African descent compose the bulk of the population in Martinique). This hypothesis is supported by a study conducted in the United States during the 1976 National Influenza Immunization Program that showed that vaccinated individuals of African descent had a risk of developing GBS that was 2.4 times lower than individuals of other origins (35) . Other population factors could also induce differences in the risk of GBS per infection; GBS is more likely in men and in older individuals (14) . However, the population of Martinique is older than that of French Polynesia (Web Figure 12 ), and the difference in the sex ratio is minimal (49% women in French Polynesia compared with 54% in Martinique). It is essential to better understand why the risk of GBS following ZIKV infection may vary at a population level, because the difference estimated in our analysis may have a substantial impact on health-care planning. To compute the risk of GBS following ZIKV infection in French Polynesia, we assumed in our model that the final attack rate in the general population was similar to the 66% seroprevalence measured in 476 schoolchildren after the epidemic (24) . If the attack rate was lower in adults than in children, the estimated risk of GBS following ZIKV infection would increase for French Polynesia, leading to a wider gap between French Polynesia and Martinique. Our estimate of the risk ratio may therefore be seen as conservative. The seroprevalence estimate for French Polynesia is unlikely to be affected by cross-reaction with other flaviviruses, because in a serological survey conducted before the epidemic, less than 1% of the individuals tested positive for ZIKV, despite a high level of dengue seropositivity (28) .
Our analysis allowed the estimation of key epidemiologic parameters for ZIKV in both Martinique and French Polynesia. We found that the basic reproduction number of ZIKV was 1.36 in Martinique (compared with 1.61 in French Polynesia), suggesting that the final attack rate in Martinique would be approximately 48%. Interestingly, independent seroprevalence estimates (30) that were consistent with our predictions became available as this article was under review ( Figure 5 ). Our 11-day estimate for the average infectious period was consistent with findings of a previous study (36) . For Martinique, at the time when these analyses were performed, it was not possible to estimate the average infectious period due to the absence of serological data, but this parameter did not affect the forecasts of resources needed to manage GBS cases (Web Table 3 ). Refitting the model for Martinique, accounting for the results from the recent serological studies, gave very similar estimates of the average infectious period (12.7; 95% CI: 9.9, 16.1 days) (Web Appendix 8, Web Table 7 ). By comparing predictions under different epidemic scenarios with data, our approach made it possible to determine which were most likely. For example, without this framework, we feel it is unlikely that we could have predicted by week 7 in 2016 that the number of GBS patients in Martinique could be expected to be substantially smaller than what was suggested by the experience in French Polynesia. Our analysis has a number of limitations. First, we hypothesized that ZIKV transmission rates remained constant over time. In practice, they could vary with climatic (Web Appendix 9, Web Figures 13 and 14) or environmental factors or interventions, which might affect the epidemic trajectory. Unfortunately, we could not obtain data documenting the intensity of control measures over time that might correlate with temporal variations in the transmission rate. The epidemic in Martinique was characterized by a quick increase in the number of cases with a subsequent slowdown and plateau. This pattern might potentially be explained by temporal variations in the transmission rate or in the reporting rate. Assuming time-varying transmission rates did not strongly affect predictions about GBS cases but did provide attack-rate estimates inconsistent with recent serological data (Web Figure 11) . Part of the minor discrepancies observed between the epidemic curve and model predictions might therefore be due to variations of reporting over time. In practice, it is likely that the truth lies somewhere between the models with time-varying transmission rates and those with constant transmission rates, although the latter received better support from the serological data. Second, our model assumed homogeneous mixing of individuals, but spatial heterogeneities may introduce more complex dynamics at local scale. Even so, our model provided good fits to both epidemics.
Third, we assumed a simple susceptible-infectiousrecovered model structure, with cases being infectious as soon as they were infected, but the results were largely unchanged when we considered a more complex susceptibleexposed-infectious-recovered structure (Web Appendix 6, Web Table 5 , Web Figure 4 ). There is a debate in the modeling community about the level of model complexity that is necessary to correctly capture the epidemic dynamics of vector-born infections such as ZIKV. A previous study found that in a context where no detailed entomological data were available, the susceptible-infectious-recovered model was substantially better at capturing dengue epidemic dynamics in Thailand than was an explicit vector-host model (37) . This confirms our natural preference for more parsimonious models in situations such as the present one, where much is unknown about the pathogen vector. For example, while both French Polynesia and Martinique host Aedes aegypti mosquitoes, French Polynesia also hosts Aedes polynesiensis, but the contribution of either species to the spread of ZIKV during the 2013-2014 outbreak is not yet clear (38) . Accounting for the short delay between infection and consultation would generate a slight shift in the simulated trajectories that would be unlikely to change our key findings.
Fourth, we assumed that GBS patients in Martinique received similar medical care to those in French Polynesia, because the health-care practices and infrastructures in the different French territories are comparable. This hypothesis allowed us to use the detailed data we had from French Polynesia in a setting where, especially at the beginning, a similar level of detail was not available. In principle however, it would also be possible to directly incorporate in our framework the data on ICU and mechanical ventilator needs from Martinique and relax this assumption-for example, to revise the estimates of the probability of requiring intensive care or the probability of requiring mechanical ventilation once in intensive care.
Given the pace at which ZIKV is spreading through the Americas, it is crucial for at-risk countries to be able to assess the adequacy of their available resources to treat patients presenting with ZIKV-related complications. We have provided such an assessment for GBS patients in Martinique, also obtaining important insights about the interpretation of surveillance data, ZIKV epidemic dynamics, and the risk of GBS following ZIKV infection in different populations. Similar analyses should be implemented for other affected areas in order to inform local health policies.
